Purpose To update and expand the Rosner-Colditz breast cancer incidence model by evaluating the contributions of more recently identified risk factors as well as predicted percent mammographic density (MD) to breast cancer risk. Methods Using data from the Nurses' Health Study (NHS) and NHSII, we added adolescent somatotype (9 unit scale), vegetable intake (servings/day), breastfeeding (months), physical activity (MET-h/week), and predicted percent MD to the Rosner-Colditz model to determine whether these variables improved model discrimination. We evaluated all invasive as well as ER?/PR?, ER?/PR-, and ER-/PRbreast cancer.
Introduction
In the years since the development and expansion of the Rosner-Colditz breast cancer incidence model [1, 2] , several additional risk factors have been identified in the Nurses' Health Studies (NHS and NHSII) as well as other studies. Specifically, heavier somatotype in adolescence has been inversely associated with breast cancer risk in adulthood, independent of adult body size [3] [4] [5] [6] [7] [8] . Greater physical activity has been associated with a lower risk of breast cancer [9] [10] [11] [12] [13] [14] . While vegetable intake has not been associated with overall breast cancer risk, higher intakes have been associated with a lower risk of estrogen receptor (ER) negative tumors [15, 16] , including in a pooled analysis of 20 cohort studies [17] . Longer duration of breastfeeding has also been associated with lower risk of ER-tumors [18, 19] . Whether these risk factors improve breast cancer risk prediction above and beyond the risk factors in the current Rosner-Colditz model is unknown. Percent mammographic density (MD), which reflects the proportion of the breast which is dense (radiographically light) on a mammogram, is consistently one of the strongest independent predictors of breast cancer risk [20] . Recent research, utilizing the TyrerCuzick and Gail models, suggests that the incorporation of percent MD may improve risk prediction [21, 22] . While mammograms are available for only a subset of the NHS/NHSII, we previously developed a model to predict percent MD for the majority of women in the cohorts [23] . Therefore, we examined whether adolescent somatotype, physical activity, breastfeeding, vegetable intake, and predicted percent MD improved the discriminatory ability of the Rosner-Colditz model for all invasive breast cancer as well as for ER?/PR?, ER?, PR-, and ER-/PR-disease.
Materials and methods

Study population
The NHS and NHSII have been described previously [1, 2] . Briefly, 121,700 female registered nurses aged 30-55 years of age from 11 U.S. states completed an initial questionnaire in 1976 forming the NHS cohort. The NHSII began in 1989 when 116,429 female registered nurses, aged 25-42, residing in 14 U.S. states completed a baseline questionnaire. Both cohorts are followed by biennially mailed questionnaires to collect information on exposures and covariates as well as incident diseases. The study was approved by the Committee on the Use of Human Subjects in Research at the Brigham and Women's Hospital.
Selected breast cancer risk factors
A number of risk factors are included in the previously published Rosner-Colditz risk model [1, 2] . On the baseline questionnaires, participants reported their height and age at menarche. Current weight and personal history of benign breast disease (BBD) were queried on all biennial questionnaires. Beginning in 1982 (NHS) and 1989 (NHSII), women were asked whether their BBD was confirmed by biopsy. Weight at age 18 was asked in 1980 (NHS) and in 1989 (NHSII). Current body mass index (BMI) and BMI at age 18 were estimated as weight(kg)/height(m) 2 . Participants reported whether they had a first-degree relative (mother or sister) with a diagnosis of breast cancer at baseline, in 1982 (NHS), and then every 4 years beginning in 1988 (NHS) or 1997 (NHSII). In the NHS, parity and age at first birth were queried on the baseline questionnaire. In 1978, participants updated information on parity. Data on parity were updated on biennial questionnaires until 1984 and again in 1996. In NHSII, parity and ages at all births were asked on the baseline as well as subsequent biennial questionnaires. Birth index, a summary variable representing both the number and spacing of pregnancies, was estimated as the sum of the total years from each birth to a woman's current age (or age at menopause if postmenopausal) with nulliparous women receiving a value of 0. In the NHS, current alcohol intake was first asked in 1980 and subsequently in 1984, 1986, and every four years afterwards. In the NHSII, current alcohol intake was asked at baseline, in 1991 and every four years afterwards. In 1988 (NHS) and 1989 (NHSII), participants responded to questions on alcohol intake at various ages prior to enrollment (e.g., ages [18] [19] [20] [21] [22] . On baseline and biennial questionnaires, women were asked if their periods had ceased and whether this was natural or due to bilateral oophorectomy and/or hysterectomy. Women were asked about their postmenopausal hormone therapy (HT) use on the baseline and biennial questionnaires, including type of HT (estrogen only [E], estrogen and progestin [E ? P], other) starting in 1978 (NHS) or 1989 (NHSII).
Candidate risk factors
For risk factors that we evaluated for inclusion into the updated model, in 1988 (NHS) and 1989 (NHSII), participants were asked to report their body size at ages 10 and 20 using a 9-level figure (1 = leanest figure, 9 = heaviest figure) [24] . Adolescent somatotype was estimated as the average of somatotypes at ages 10 and 20. Breastfeeding history was asked in 1986 in NHS and in 1993 and 1997 in NHSII. Physical activity was assessed in 1986 (NHS) and 1989 (NHSII) and every 2-6 years afterwards. Participants reported the average time per week over the prior year spent doing various activities (e.g., walking, running). Metabolic equivalent task (MET)-hours per week were then estimated by multiplying the MET score for each activity by the reported hours per week and summing across all activities as previously described [9, 25] . In the NHS, women responded to a validated food frequency questionnaire (FFQ) in 1984. Similar FFQs were subsequently administered every 4 years in the NHS beginning in 1986. In the NHSII, women completed an FFQ in 1991, with similar FFQs administered every 4 years afterwards. Vegetable servings per day were estimated from the FFQs [15, 16] . As mammograms were collected from only a subset of women within the breast cancer case-control studies nested in the NHS/NHSII [26, 27] , we derived predicted percent MD using data from the NHS and NHSII nested case-control studies of breast cancer as previously described. [23] Briefly, using questionnaire data and mammograms from 1436 cases and 2955 controls, we assessed the following variables as potential predictors: age, adolescent somatotype, BMI at age 18, current BMI, age at menarche, parity, age at first birth, height, family history of breast cancer, personal history of BBD (confirmed by biopsy and unconfirmed), alcohol use, HT use, and duration of menopause. We also included interaction terms for each of the candidate predictors and menopausal status as potential contributors to the model. In addition, menopausal status, nulliparity, and breast cancer case/control status were forced into the model. Percent MD was square-root transformed to improve normality, and stepwise linear regression (p \ 0.15 for forward and backward steps) was used to select the subset of candidate variables that were most predictive of square-root transformed percent MD. The following variables were selected for inclusion (in addition to menopausal status, nulliparity, and case/control status): age, current BMI, BMI at age 18, HT use, biopsy-confirmed BBD, biopsy-unconfirmed BBD, adolescent somatotype, parity, and age at first birth as well as the interaction term between menopausal status and age at first birth. The final percent MD prediction model explained 42% of the total variability in square-root transformed percent MD.
Breast cancer cases
Breast cancer cases were identified on the biennial questionnaires or through death records. These participants or their next of kin were asked for permission to obtain their medical records. We obtained pathology reports from 90% of cases and information on histologic tumor type, tumor size, and nodal involvement was reviewed and extracted by study investigators. As we confirm 99% of reported cases of breast cancer for whom we are able to obtain medical records, all diagnoses of invasive breast cancer confirmed by the participant or medical records were included as cases in our analysis. ER and PR status of the tumors was determined either by immunohistochemical staining of participant tumor tissue as described previously or, when tissue was unavailable, by medical record abstraction [28] .
Population for analysis
For all analyses, we initiated follow-up in 1986 in the NHS and 1989 in the NHSII. Exclusions at the start of follow-up are presented in Fig. 1 . Women were allowed to enter the analysis at the time they first completed a FFQ or physical activity assessment later in follow-up. Throughout follow-up, if a woman did not complete the most recent FFQ or questions on physical activity she did not contribute person-time until she answered a subsequent FFQ or set of physical activity items. If a woman stopped reporting her current weight on the biennial questionnaires, she was censored from the analysis at the time of last report. Further, women were censored if they newly met the exclusion criteria (e.g., reported onset of menopause due to reasons other than natural menopause or bilateral oophorectomy). At baseline, 133,640 women were included in the analysis.
Description of model
The Rosner-Colditz model for breast cancer incidence has been previously described in detail [1, 2] . Here, women were censored when they developed other types of cancer (except non-melanoma skin cancer), if they died, or at the end of follow-up (NHS = 2010, NHSII = 2009), whichever occurred first. We used PROC LIFEREG in SAS to fit an exponential survival model based on the following Rosner-Colditz risk model factors: (1) duration of premenopause, (2) duration of postmenopause by type of menopause (natural or surgical), (3) time between age at menarche and age at first birth, (4) birth index, (5) past or current HT use, (6) duration of HT use by type (E, E ? P, other), (7) BMI during premenopause and during postmenopause, (8) height during premenopause and during postmenopause, (9) alcohol intake during premenopause, during postmenopause on and not on HT, (10) family history of breast cancer, and (11) BBD (biopsy-confirmed and unconfirmed) including interaction terms with (a) age at menarche, (b) duration of premenopause, and (c) duration of postmenopause [1, 2] . In addition, we adjusted for cohort (NHSII vs NHS) to allow for differing baseline risks between the two cohorts. While prior derivations of the Rosner-Colditz model used PROC PHREG, PROC LIFE-REG estimates an intercept allowing for the calculation of absolute risks. As a sensitivity analysis, we also fit the Rosner-Colditz model using PROC PHREG and beta estimates and standard errors were very similar to those estimated with PROC LIFEREG (data not shown).
Statistical analysis
We added each new potential variable for inclusion (i.e., adolescent somatotype, physical activity, vegetable intake, breastfeeding, and predicted percent MD) to each breast cancer incidence model (i.e., all invasive, ER?/PR?, ER?/PR-, ER-/PR-) individually. We then compared the age-adjusted area under the curve (AUC) for the models without and with the new variable to assess improvement in risk prediction [29] . In our primary analysis (all invasive breast cancer), variables that significantly improved risk prediction (change in AUC p \ 0.05) were added to the final updated model. In ER/PR subtype analysis, due to limited power for some subtypes, new candidate predictors were maintained if the p value for the effect estimate in the model was \0.05 and improved the age-adjusted AUC by at least 0.001, regardless of the p value for change in AUC. We compared the age-adjusted AUCs from the final updated models to the original model.
We used 10-fold cross-validation to assess overfitting of the model. First, the dataset was divided into 10 equal sized groups. Next, the original and updated models were fit to a population composed of 9 of the groups. In the 10th group, we estimated risk scores for the models with and without the new variables by summing over the cross products of coefficients of the given risk model (b i ) from the population of 9 groups and values of the risk factors in the 10th group (X i ) (score i = P b i X i ) to assess change in AUC. This process was repeated 9 more times. We then averaged the change in AUC across the 10 analyses and estimated the average change in AUC using fixed-effects meta-analysis [30] .
We also computed age-specific deciles of the risk score for all invasive breast cancer for the model without (model 1) and with (model 2) the newly included variables. We then cross-classified risk deciles from model 1 with risk deciles from model 2 and estimated the incidence rate in each strata. Specifically, let X ij = number of breast cancer cases, N ij = number of person-years, and P ij = X ij /N ij estimated incidence rate within the ith age-specific risk decile for model 1 and the jth age-specific risk decile for model 2 and let ln(P ij ) = a i ? b(j -1) [31] . Then exp (b) Results Table 1 presents participant characteristics by cohort at the midpoint of follow-up (NHS = 1996; NHSII = 1997). Throughout follow-up we identified 5246 cases of incident invasive breast cancer. Of these, 3154 were classified as ER?/PR?, 606 were ER?/PR-, and 775 were ER-/PR-; the remaining 711 tumors were unclassifiable.
Both adolescent somatotype and predicted percent MD individually significantly improved the original RosnerColditz model for all invasive breast cancer (Supplementary Table 1 ), whereas vegetable intake, breastfeeding, and physical activity did not. The age-adjusted AUC for the model including both adolescent somatotype and predicted percent MD was 0.636 compared to 0.616 for the model without these variables (change in age-adjusted AUC = 0.020, p \ 0.0001) ( Table 2 ). While the AUC for the updated model was relatively consistent across strata of age, it was somewhat lower among women aged C70 (AUC ages 70-74 = 0.609 and AUC agesC75 = 0.610). The relative risk (RR) of invasive breast cancer for a 4-unit increase in adolescent somatotype was 0.62 (95% CI 0.56, 0.70) and the RR for a 20-unit increase in predicted percent MD was 1.32 (95% CI 1.28, 1.36). The inclusion of these two risk factors did not substantially change the estimates for other risk factors in the model with the exception of premenopausal BMI. Premenopausal BMI was inversely associated with breast cancer risk in the original model (RR per 296 unit increase = 0.82; 95% CI 0.76, 0.88), but positively associated with risk in the updated model (RR per 296 unit increase = 1.17; 95% CI 1.08, 1.27) that also included adolescent somatotype and predicted percent MD. Results from the 10-fold cross-validation were consistent with our initial observation, with a fixedeffects change in age-adjusted AUC of 0.020 (p \ 0.0001). Cross-classifying the basic Rosner-Colditz model with the updated model including adolescent somatotype and predicted percent MD suggested that there were significant differences in estimated incidence of invasive breast cancer ( Table 3) (Table 4) .
Similar to the overall model, adolescent somatotype and predicted percent MD also significantly improved the ER?/PR? model (age-adjusted AUC basic model = 0.629 vs age-adjusted AUC updated model = 0.651; p \ 0.001) as well as the ER?/PR-model (age-adjusted AUC basic model = 0.627 vs age-adjusted AUC updated model = 0.639; p = 0.007) ( Table 5 ). Adolescent somatotype, predicted percent MD, breastfeeding, and vegetable intake individually significantly improved the ER-/PR-model (Supplementary Table 1 ). The age-adjusted AUC for the model including these all four of these risk factors was 0.630 compared to 0.598 for the model without these variables (change in age-adjusted AUC = 0.031, p \ 0.0001) ( Table 5 ). In the ER-/PR-model, the RR for a 4-unit increase in adolescent somatotype was 0.46 (95% CI 0.34, 0.62). In addition, the RR for 5 vegetable servings/day was 0.83 (95% CI 0.70, 0.99), while the RR for 12 months of breastfeeding was 0.88 (95% CI 0.77, 1.01) in the ER-/ PR-model. Physical activity did not improve risk classification beyond the existing factors in the model (Supplemental Table 1 ).
Discussion
We observed that adolescent somatotype and predicted percent MD improved the discriminatory ability of the Rosner-Colditz model for all invasive breast cancer as well as for models defined by ER/PR status. In addition, vegetable intake and breastfeeding duration also significantly contributed to improving the model for ER-/PR-breast cancer, but not ER? models, consistent with prior research [17] [18] [19] . The age-adjusted AUC for the final model for all invasive breast cancer was 0.636. In prior analyses in the NHS/NHSII, we observed an inverse association between adolescent somatotype and breast cancer risk, which was stronger for ER-tumors than ER? tumors and persisted after adjustment for adult BMI [7, 8, 33] . Consistent with these earlier observations, the inverse association between adolescent somatotype and risk was stronger in the Rosner-Colditz model for ER-/PRbreast cancer compared to the association in either the ER?/ PR? model or the ER?/PR-model. While this inverse association has been observed in other populations [3] [4] [5] [6] , the mechanism by which increased body size in adolescence lowers risk is not well understood. Hypothesized mechanisms include earlier differentiation of breast tissue [34] , altered hormone levels (e.g., lower IGF-1), [35] , and lower percent MD in adulthood, among others [36] .
Higher percent MD, representing a greater proportion of epithelial and stromal tissue on a mammogram, is one of the strongest risk factors, though only a few studies have evaluated the role of MD in risk prediction models [37] . The Breast Cancer Surveillance Consortium (BCSC) risk calculator currently includes Breast Imaging-Reporting and Data System (BI-RADS) breast density, a four category radiologist assessment [38, 39] . While BI-RADS is predictive of subsequent breast cancer risk, variability in BI-RADS is limited (e.g., over 80% of women in the BCSC were BI-RADS 2 or 3) compared to continuous measures, such as percent MD. Recent work in both the International Breast Cancer Intervention Study I as well as the Predicting Risk of Cancer at Screening study observed that including percent MD (adjusted for age and BMI) improved risk prediction using the Tyrer-Cuzick as well as the Gail model [21, 22] . Our observation that predicted percent MD improved discrimination for the Rosner-Colditz model, which comprises a greater number of breast cancer risk factors than many other breast cancer prediction models, is consistent with these prior studies and supports the inclusion of percent MD in future prediction models.
The original Rosner-Colditz model was developed to predict all invasive breast cancer; however since the majority of invasive disease is ER?, most of the risk factors included in the original model were more strongly associated with ER? than ER-disease. As a result, the AUC for the original Rosner-Colditz model was lower for ER-/PR-breast cancer (age-adjusted AUC = 0.598) compared to ER? tumors (age-adjusted AUC = 0.629 and 0.627, for ER?/PR? and ER?/PR-, respectively). Thus, the impact of including risk factors specific to (vegetable intake, breastfeeding) or stronger for (adolescent somatotype) ER-/PR-disease resulted in a larger increase in the AUC in the updated model for this subtype (change in age-adjusted AUC = 0.031) compared to ER? breast cancer (change in age-adjusted AUC = 0.020 and 0.012, for ER?/PR? and ER?/PR-, respectively). Despite this, the overall predictive ability of the revised Rosner-Colditz model is still better for ER?/PR? versus ER-/PR-tumors. This highlights the need to identify and consider subtype-specific risk factors in prediction models, particularly for more aggressive subtypes.
We previously observed that physical activity was inversely associated with risk of breast cancer; however adding physical activity to the original Rosner-Colditz model did not significantly improve the any of the breast cancer models [9] . While others have also observed an inverse association with risk, physical activity may not contribute to risk prediction above and beyond other lifestyle factors, such as BMI across the lifecourse, already included in the Rosner-Colditz model [10] [11] [12] .
There are several strengths to our study, including the large sample size, prospectively collected data, repeated measurements of risk factors allowing for updating over time, and centralized pathology review and/or medical record abstraction for classification of tumors by ER/PR status. A limitation of the analysis is that some women were excluded from the study population due to missing information on the selected risk factors. Further, the NHS/NHSII are predominantly White; future research is necessary to determine the clinical utility of the updated models in diverse populations. Non-differential misclassification of the included risk factors, particularly predicted percent MD, may have led to an underestimation of some associations; additional evaluation using measured percent MD may show further improvement in predictive capacity of the model. Lastly, due to limited data in the majority of the cohort, we were unable to assess the contributions to risk prediction of other breast cancer risk factors such as breast cancer SNPs [40] or circulating hormones [41] . Inclusion of adolescent somatotype and predicted percent MD improved the discrimination of the RosnerColditz all invasive breast cancer risk model as well as models defined by ER/PR status. Further, vegetable intake and duration of breastfeeding contributed to the ER-/ PR-model. Given that the discriminatory ability is still somewhat limited, adding newly identified risk factors as well as established biomarkers associated with breast cancer risk is critical to enhancing clinical impact. Importantly, continued focus on subtype-specific models is crucial to identify women at high risk of ER? disease who could benefit from chemoprevention for this subtype (e.g., SERMs) as well as those as high risk of ERdisease who may benefit from increased screening. Future work is necessary to validate the updated model in independent and diverse populations.
